The common drawbacks of the current colorimetric sensing platform using gold nanoparticles (AuNP) as an indictor is its relatively low sensitivity, which restrict their analytical application for low-level analytes, such as the detection of the microRNA (miRNA). In the present work, we developed a novel strategy to construct a colorimetric sensing platform for miRNA based on target catalyzed hairpin DNA assembling. Unlike a single-stranded DNA probe or a single-arm hairpin structure DNA probe, in our strategy the double-arm hairpin structure DNA probe was first designed, and was further demonstrated to work well in catalysis the of hairpin DNA assembly reaction, which significantly enhanced the sensitivity of the AuNP based colorimetric sensing platform. In addition, compared to other miRNA detection schemes reported previously, the proposed strategy is not only enzyme-free, label-free, immobilization-free, but also eliminates the need for any sophisticated instrumentation. The proposed strategy may open a new way to allow miRNAs expression to be profiled in a decentralized setting, such as at point-of-care.
Introduction
MicroRNAs (miRNAs) are a class of RNAs that play important regulatory roles in cells, such as cell proliferation, differentiation, metabolism and tumorigenesis, viral infection etc. [1] [2] [3] [4] [5] Thus the detection of miRNAs is crucial for disease diagnosis and screening. Since many important miRNAs are in quite low abundance in biological samples, many nucleic acid amplification techniques have been employed, such as RT-PCR, 6, 7 ligase chain reaction, 8, 9 ribozyme amplification, 10, 11 loop-mediated isothermal amplification (LAMP), 12, 13 exponential amplification reaction (EXPAR), 14 and rolling circle amplification (RCA). 15, 16 These methods indeed have greatly improved the sensitivity of miRNAs detection; however, they were highly enzyme dependent and label needed. Therefore, the development of simple, label-free, enzyme-free, and nontarget-amplification methods for miRNA analysis is desired.
A colorimetric assay based on unmodified AuNP has become an attractive method, since it avoids any complicated chemically modification, allows easy observation by the naked eye, and there is no requirement for sophisticated instruments. 17 Currently, the AuNP based colorimetric detecting systems have been applied to monitor different biological and chemical substances, such as DNA, RNA, proteins, and metal ions etc. [18] [19] [20] [21] [22] However, AuNP-based colorimetry suffered from the poor sensitivity. To overcome this shortcoming, many kinds of amplification strategies [23] [24] [25] [26] [27] were introduced into the sensing platform and the detection sensitivity was significantly improved, but the use of enzymes and tag-labeling procedures of DNA probes still limits their analytical application for an ultra-low level target.
In this work, a label-free, enzyme-free, immobilization-free strategy for improving the sensitivity of an unmodified AuNP based colorimetric sensing platform was developed by using a target-catalyzed hairpin DNA assembly. Furthermore, let-7a was selected as the model target to confirm our idea due to its important role in disease diagnosis and screening.
Experimental

Reagents and chemicals
The oligonucleotides and miRNAs used in this study were synthesized by Sangon Biotech Company, Ltd. (Shanghai, China). The sequences of all oligonucleotides are listed in Table 1 . Chloroauric acid (HAuCl4·4H2O), trisodium citrate, sodium phosphate, sodium chloride and magnesium chloride were obtained from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Concentrated DNA stock solutions were prepared in a buffer, and were diluted to the reaction concentration before use. Sodium phosphate buffer (PBS, pH 7.4, Na2HPO4-NaH2PO4 10 mM, NaCl 200 mM, MgCl2 5 mM) was prepared by dissolving a suitable amount of analytical-grade Na2HPO4, NaH2PO4, NaCl and MgCl2 in ultrapure water. All other reagents were of analytical grade and used as received.
Apparatus
Absorption spectra were recorded on a TU1901 UV-vis spectrophotometer (PUXI optical equipment factory, China) at room temperature. Fluorescence spectra were recorded on an F-7000 fluorescence spectrophotometer (Hitachi, Japan). Transmission electron microscopy (TEM) measurements were made on a JEM-2100 transmission electron microscope (Hitachi, Japan).
Preparation of gold nanoparticles
Gold nanoparticles (~13 nm) were prepared by a citrate reduction of HAuCl4. 28 In a typical experiment, a 5-mL aqueous solution of sodium citrate (38.8 mM) was added to a boiling solution of HAuCl4 (50 mL, 1 mM). After the solution color changed to red, the reaction mixture was allowed to reflux for 15 min. Then, the solution was cooled to room temperature, filtered, and stored in a refrigerator at 4 C before use.
Measurement procedure
In a typical target detection assay, H1 and H2 were heated to 90 C for 2 min, and then allowed to cool to room temperature for 1 h before use; then, target samples were added to a mixture of H1 (100 nM) and H2 (100 nM) and well mixed. Then, 20 μL of the reaction mixture was added into an AuNP solution of 180 μL and incubated at room temperature for 3 h. Subsequently, 10 μL of 0.3 M sodium chloride solutions were added, and the mixed solutions were detected by either visual observations or UV-vis characterizations within 2 min.
Results and Discussion
Design of the double-arm hairpin DNA probe and verification of its working principle
The foundation of the miRNA detection principle is shown in Scheme 1. A double-arm hairpin probe DNA (H1) and a singlearm auxiliary probe DNA (H2) were designed. H1 has two overhang sticky regions at its 5′ (fragment 1) and 3′ (fragment 4) ends; H2 has one overhang sticky region at its 5′ (fragment 4*) end; the overhang 5′ sticky end (fragment 1) and stem (fragment 2) of H1 are complementary to the target, while the rest fragment of H1 (the overhang 3′ sticky end (fragment 4), stem (fragment 2*) and the loop (fragment 3)) are complementary to H2. In the absence of a target, the paired 3′ end of H1 (fragment 4) and 5′ end of H2 (fragment 4*) can not open the stems of H1 and H2 to form a double-helix H1/H2, because both stems of H1 and H2 were longer than their complementary overhang sticky ends, and the hybridization power of the sticky ends of H1 and H2 can not open that two stems simultaneously according to the hybridization kinetics. 29, 30 Thus, both H1 and H2 maintained their hairpin structures and coexisted in solution. In the presence of a target, the target can hybridize with H1 from the overhang 5′ sticky end, and open the hairpin through the toehold-mediated strand-displacement interaction to form the target/H1 (fragment 1 -2) half duplex structure. The opened H1 then exposes a new single strand fragment (including fragment 3, 2*, 4); this new single-strand fragment can hybridize with H2 from its overhang 5′ sticky end (fragment 4*), and opens the hairpin structure of H2 through the toehold-mediated strand-displacement interaction and form the target/H1/H2 complex. The opened H2 expose the new single strand fragment (fragment 2*), which was also complementary to H1 (fragment 2 of H1). Because the H1/H2 duplex has a longer complementary base pairs sequence than that of target/H1, it was more stable than target/H1. Thus, the exposed single strand fragment of H2 (fragment 2*) can replace the target and form the H1/H2 duplex, and then make the target release. The released target then becomes available to trigger another reaction cycle to form more H1/H2 duplexes. When AuNP was added into a solution that did not contain the target, the free sticky ends of H1 and H2 could be closely adsorbed onto the AuNP, and thus prevent any salt-induced AuNP aggregation. On the contrary, when the AuNP was added into the solution which contained the target, since the target can trigger formation of the H1/H2 duplex, and make their negatively charged phosphate backbone exposed. 31, 32 Thus, the strong repulsion between double stranded DNA and negatively charged AuNP made the DNA away from the AuNP surface. As a result, AuNP will aggregate and cause the red-to-blue color variation. Based on this, the AuNP based colorimetric can be used to detect the target in solution.
To evaluate the target recycle mechanism in the proposed sensing strategy, a fluorescence signal readout method was used to monitor the assembly of the DNA probes. First, a fluorophore and fluorescent quencher double-labeled H1 was designed and named as L-H1 (the structure of L-H1 is shown in Table 1 ), in the absence of the target, L-H1 form a hairpin structure due to binding of the complementary fragment (the underlined part) of the sequences. Thus the fluorophore was close to the fluorescent quencher and the fluorescence of the fluorophore was quenched, Table 1 Hairpin DNA and other oligonucleotides used in the experiments Name Sequence (5′ -3′)
UGA GGU AGU AGG UUG UAU AGUU Mis-1(t1) UGA GGU AGU AGG UUG UAU GGUU Mis-2(t2) UGA GGU AGU AGG UUG UGU GGUU Del-1(t3) UGA GGU AGU AGG UUG UAU AGU
The L-H1 was the fluorophore and quencher labeled H1. From 5′ to 3′ H1 was consisted of fragment 1, 2, 3, 2* and 4, H2 was consisted of fragment 4*, 2, 3* and 2*. The bold letters means the complementary sequence of the target and H1, the underlined parts means the complementary fragment in the hairpin DNA.
Scheme 1 Schematic of the target catalyzed hairpin DNA assembly and gold nanoparticle based a colorimetric detection system (in H1 fragment 1, 4 respect to the overhang 5′ and 3′ end of the DNA line, fragment 3 respect to the loop, 2 and 2* respect to the complementary fragment of the stem; in H2 fragment 4* respect to the overhang 3′ end, fragment 3* respect to the loop, 2 and 2* respect to the complementary fragment of the stem. 1-1*, 2-2*, 3-3* and 4-4* were the complementary fragment). and the system showed weak fluorescence; when the target appears, it will hybridize with and open the hairpin structure of L-H1 make the fluorophore away from the quencher and restore its fluorescence. Then, four test systems consisting of L-H1; L-H1 and the target; L-H1 and H2; L-H1, H2 and the target were prepared and their fluorescence intensities were measured to investigate the reactions of the systems. The results showed ( Fig. 1 ) that after incubation for 3 h, the fluorescence intensities of the designed four test systems were different. For test one, its fluorescence intensity showed no change; this was because the hairpin structure of L-H1 had no change in the experiment condition, and L-H1 maintained its hairpin structure and the fluorescence was still quenched. For test two, which contained L-H1 and the target, its fluorescence intensity showed an increase, because the target could hybridize with L-H1 and open the hairpin structure of L-H1 and make the quencher more away from the fluorophore, and thus restore its fluorescence. For the third solution, which contained L-H1 and H2, its fluorescence intensity almost did not present any change, too; this was because L-H1 and H2 can not hybridize spontaneously in the test condition and both maintain their hairpin structures, respectively, the fluorescence of L-H1 was still quenched. However, for a system that contained the target, L-H1 and H2, its fluorescence intensity had a significantly increase, because the hybridization of the target and L-H1 could open the hairpin structure of L-H1 and restore its fluorescence. More importantly, the opened L-H1 can hybridize with H2 through the toeholdmediated strand-displacement interaction, and further replace and release the target. Then, the released target can cyclic catalytze the assemblies of L-H1 and H2, and cause more L-H1 to open, and restore their fluorescence; thus, the fluorescence intensities of the system increased significantly. Those results clearly indicate that the target can cyclic catalyze assembling of the designed DNA probes of H1 and H2.
Colorimetric readout of the target catalyzed hairpin DNA assembly
In order to demonstrate that the proposed reaction of a miRNA-catalyzed hairpin DNA assembly could be used to detect miRNA by a label-free AuNP-based colorimetric assay.
The absorption spectra of the H1/H2/AuNP systems were recorded, the results (Fig. 2 ) of which showed that: in the absence of let-7a, the maximum absorption band of H1/H2/AuNP system was in about 520 nm, and the color of the solution appeared to be pink after the addition of salt (Fig. 2 , inset, centrifuge tube 1). However, when same amount of salt was add to a system that contained let-7a, the absorbance peak at 520 nm showed a decrease, and a new absorption band at about 630 nm appeared (Fig. 2, curve 2) . This corresponded to the color of the solution turned to blue violet (Fig. 2 , inset, centrifuge tube 2). The reason was that, in the absence of let-7a, H1 and H2 could maintain their hairpin structure, and their hanging arms could be adsorbed onto the AuNP surface to stabilize the AuNP to against salt-induced aggregation. Thus, the color of the AuNP system remained pink. Conversely, in the presence of let-7a, it can catalyze the assembling of H1 and H2, because the produced H1/H2 duplex provides little stabilization to the AuNP against salt-induced aggregation. Thus, the aggregation states of AuNP were formed, and the color of the AuNP system changed to blue-violet. In addition, the TEM values were also used to investigate these AuNP-based reactions. The TEM images (Fig. S1 , Supporting Information) showed that the AuNP were nearly monodispersed in the absent of let-7a. However, irregular gathered AuNP were observed in the presence of let-7a. These results suggested that the designed DNA probes could be used to detect miRNA based on a labelfree AuNP-based colorimetric assay.
Investigation into the stability ability of the single and doublearm hairpin DNA towards gold nanoparticles
For an AuNP-based colorimetric sensing platform, the protection ability of the DNA probes to AuNP was very important, because it strongly affected the ratio of the signal to noise of this sensing platform. Compared to previously report hairpin DNA probes, the probe DNA in this work has a doublearm structure, so the protecting ability of the single-arm and double-arm DNA probes to AuNP were investigated. The same amounts of H1 and H2 were firstly added to the two AuNP solutions, respectively, and incubated for 30 min. Then, suitable concentration salt solutions were added to the above H1/AuNP and H2/AuNP solutions. Our results showed that, along with the adding the salt, the color of the H1/AuNP and H2/AuNP both began to change, but the color of H2/AuNP showed a more obvious change than that of H1/AuNP (Fig. S2, Supporting  Information) . This result indicated that H1 has a stronger protecting ability to AuNP than that of H2. The reason may be imaged by observing Fig. S3 in Supporting Information, since both the two arm of H1 could simultaneously adsorb onto the AuNP, and it provide stronger protecting ability to the AuNP to against salt-induced aggregation. In contrast, as for H2, since it only has one arm to be adsorbed to the AuNP, and it thus has poor protection ability to the AuNP.
Optimization of experimental conditions
To optimize the chemical conditions for the colorimetric sensing of miRNA, various factors, such as the incubation time of the H1/H2/AuNP detection system, the concentration of the probe DNA, AuNP and the salt concentration were examined in detail, respectively. The effects of the incubation time of H1/H2/AuNP detection system were examined by detecting the absorbance ratio (A630/A520) of the detection system. The results showed (Fig. S4 , Supporting Information) that from 0 to 2.5 h, the signal-to-noise ratio of the system increased continuously; after that, the signal-to-noise ratio was almost constant. Taking into account the signal-to-noise ration of the system, 3 h of incubation time was selected for further experiments. The concentration of AuNP, the probe DNA and the salt concentration will sharply influence this colorimetric assay, so the influence of the concentration of the AuNP, probe DNA and salt to the colorimetric assay were all studied ( Fig. S5 , Supporting Information). According to our results, the concentration of the AuNP, DNA probe and NaCl were chosen to be 1.4 nM, 100 nM, and 0.3 M, respectively.
Analytical performance
To quantitatively detect let-7a with the developed method, the absorption spectra of the detection system in the presence of different concentrations of let-7a were recorded. The results showed (Fig. 3A ) that the absorbance of AuNP at 520 nm gradually decreased, the absorbance at 630 nm showed a gradual increase with the increase of let-7a. Also, there was a good linear correlation between the absorbance ratio of A630/A520 and the logarithm (lg) of the let-7a concentration in the range of 0.005 to 2 nM (Fig. 3B) . The linear-regression equation was A630/A520 = 0.1828 log c + 0.8696 (R = 0.9901), and the detection limit that was taken to be three-times the standard derivation in a blank solution is 3 pM, which is lower than that of the colorimetric detection of DNA previously reported. 33 This may be because the double-arm hairpin probe DNA could protect AuNP from aggregation more efficiently, and thus reduce the background signal, besides, that the length of the sticky ends of the obtained double-stranded DNA may also influence the detection sensitivity.
To test the selectivity of the proposed colorimetric sensing method, three let-7 miRNA family members (let-7b (t1), let-7c (t2) and let-7g (t3)) were selected as the potential interference, and tested using the same method of let-7a. As shown in Fig. 4 , upon the addition of salt, there was only a slight spectral change in the presence of let-7b, let-7c and let-7g. This means that the mismatched miRNA is difficult to initialize the hairpin DNA assembling and induce aggregation of AuNP; only the matched target triggered the reaction obviously. The sequence specificity of the target assay is attributed to the requirement of full complementarity between the trigger and the probe hairpin DNA (H1) in the target-triggered hairpin DNA assembling system. The results indicated that the method has high specificity for let-7a detection. 
Application of the method
In order to evaluate the application of this assay for the detection of let-7a in a biological system, this assay was used to detect let-7a in synthetic samples. The total RNA samples were isolated from the human breast adenocarcinoma cells using Trizol Reagent and a dispersed PBS buffer solution (10 mM, pH 7.4, 0.1 M NaCl). 34 Then let-7a was added for the detection of let-7a by the standard-addition method. The results are given in Table 2 , which show that the method has high accuracy.
Conclusions
In conclusion, we have developed a simple, label-free, enzymefree, immobilization-free target catalyzed hairpin DNA assembling-based colorimetric method for miRNA detection.
The key feature of the proposed method is the design of the double-arm hairpin DNA probe. Also, in the target catalytic hairpin DNA assembly, the design of the double-arm hairpin probe can decrease the background signal of the AuNP based colorimetric assay, and the target recycles have a signal amplifying ability. According to this idea, the design of the new functional DNA probe may open a new way to detect analytes with an AuNP colorimetric sensing platform.
